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Around 1.3 billion tonnes of food are wasted worldwide per year, which is originally produced under extensive use
of energy and nutrients. Use of food waste as feedstock in biotechnological processes provides an innovative way
to recover parts of the energy and nutrients initially spent on food production. By chemical and biological
methods, food waste is hydrolysed to glucose, free amino nitrogen and phosphate, which are utilisable as nutrients
by many microorganisms whose metabolic versatility enables the production of a wide range of products.
Microalgae are particularly of interest as chemicals, materials and energy are obtainable from microalgal biomass
after chemical and/or biological modifications. In this review, valorisation of food waste in biotechnological
processes is presented as an additional option to green chemical technologies.
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One third of the food produced globally for human
consumption is wasted yearly [1,2]. Japan, China and
Republic of Korea, summarised as industrialised Asia in
Table 1, produce annually 357 million tonnes of food
waste. It is followed by South & Southeast Asia (275
million tonnes) and Europe (205 million tonnes). In
Sub-Saharan Africa, Latin America, North America and
Oceania, North Africa and Western & Central Asia, 100
million to 130 million tonnes of food are wasted per
year, respectively. The overall amount of food wasted
and lost worldwide corresponds to around 1.3 billion
tonnes. This amount includes all kinds of food, such as
cereals, roots and tubers, oilseed and pulses, fruits and
vegetables, meat, seafood, milk and eggs [1,2].
A study of the Food and Agriculture Organization of
the United Nations revealed that food is lost and wasted
at all production processes from agricultural production
to consumer levels [1]. Regardless where food is wasted
or lost, it is either disposed in landfill sites or otherwise
treated in order to prevent environmental problems.
Particularly in densely populated areas, food waste can
cause serious health problems and requires a proper
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distribution, and reproduction in any mediumElimination of food waste by dumping into landfill
sites is inappropriate, as the production of food is energy
and nutrient demanding [3,4]. Many studies have been
carried out which describe the possibilities to produce
energy from food waste by incineration and anaerobic
digestion, or to use food waste as feed for pigs and cattle
in order to close the nutrient loop [5-11]. Another ap-
proach is the application of food waste as feedstock in
cultivation of microorganisms. This approach allows the
recycling of waste matters consisting of carbon, nitrogen
and phosphorous compounds, by assimilation in bio-
mass and metabolites of microorganisms, being used for
production of chemicals, materials and energy.
This review presents an overview of utilisation of food
waste as feedstock in biotechnological processes, with
focus on microalgae cultivation, as an additional option
to valorisation by green chemical technologies [12].
The term “food waste” describes industrial, commercial
and domestic mixed food residues, bread and other
bakery wastes meant for human consumption. Contrar-
ily, the term “organic waste” describes those waste
matters (e.g. peels and rapeseed meal) not meant for
human consumption. The term “biomass” describes all
biological materials, but not food and organic wastes,
while “microalgal biomass” refers to microalgae-derived
biomass.entral Ltd. This is an open access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly cited.
Table 1 Annual food loss and waste per region in 2007 [1,2]
Food loss and waste
(tonnes × 106)
Industrialised Asia* 357




North America and Oceania 108
North Africa, Western & Central Asia 97
World 1,295
*Japan, China and Republic of Korea.
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Recycling of organic wastes by chemical modification
and production of chemicals is one option to overcome
the challenges of resource depletion [13]. Another op-
tion is the recovery of sugar monomers, glycerol, short
and long fatty acids, amino acids and phosphate from
food waste, which are wanted nutrients in many biotech-
nological processes for cultivation of bacteria, fungi,
algae, and production of primary and secondary metabo-
lites [14-20].
Recovery of nutrients from food and organic wastes
A composition of 30–60% starch, 5–10% proteins and
10–40% (w/w) lipids makes food waste to a promising
raw material [5,14,15]. Recovery of nutrients from food
waste in the form of carbon, nitrogen and phosphorous
compounds can be performed by chemical and bio-
logical/enzymatic methods after solubilisation of the
waste matter [21-25].
Food waste is a mixture of different kinds of food resi-
dues e.g. bread, pastry, noodles, rice, potato, meat and
vegetables [1,2]. Therefore, in order to hydrolyse most of
the waste matters, a consortium of hydrolytic enzymes
(e.g. glucoamylases, cellulases, proteases and phospha-
tases) is needed. Kim et al. used an enzyme mixture con-
sisting of carbohydrase, glucoamylase, cellulase and
protease to hydrolyse food waste and obtained 0.63 g
glucose g-1 total solids applied [21]. Yan et al. used fun-
gal α-amylase and glucoamylase for hydrolysis of food
waste and reached an almost complete digestion of
starch in a fed-batch process [22]. Claassen et al. used a
different approach and treated domestic organic waste
first by Masonite steam explosion at 200°C for 6 minutes
to increase the solubility of waste matters, followed by a
treatment of the liquid and remaining solids with com-
mercial cellulolytic enzymes [23].
On the contrary, chemical hydrolysis carried out under
acidic or alkaline conditions and heat has the advantage
that the waste matter is solubilised to a greater extent
than under mild conditions [17,20,24]. However, theresultant hydrolysate containing the recovered nutrients
is strongly acidic or alkaline, and it requires neutralisa-
tion prior to the use as nutrient source for most micro-
organisms [20]. Additionally, in order to use hydrolysate
as nutrient source, it is essential to convert the waste
matter into compounds like glucose, acetic acid, amino
acids and phosphate that can be taken up and assimi-
lated by microorganisms. This prerequisite excludes oxi-
dative treatments e.g. by H2O2 in supercritical water
resulting in further oxidation of released glucose [26].
The application of commercial enzymes for hydrolysis
of food and organic wastes may require the recovery and
reuse of enzymes to make the overall process cost-
efficient. In order to reduce process costs, degradation
of food wastes was performed in situ by Aspergillus awa-
mori and Aspergillus oryzae, which are well-known fun-
gal secretors of glucoamylase, protease and phosphatase
[14,15,18,27]. Similar processes have been previously in-
vestigated for the utilisation of wheat and rapeseed meal
for the recovery of glucose, free amino nitrogen and
phosphate [28-30]. It has been shown that the secretion
of hydrolytic enzymes by A. awamori and A. oryzae is
sufficient to degrade most of the starch, proteins and
polyphosphates in food waste [14,15,18].
A different approach to recover nutrients from food
and organic wastes was used by Fan et al. [31]. Dried
and blended bread crusts, okara powder and brewing
grain were directly added to shake flasks containing the
thraustochytrid Schizochytrium mangrovei KF6. The re-
sults revealed that S. mangrovei grows on a medium
containing bread waste particles and accumulates the
high-value polyunsaturated fatty acid docosahexaenoic
acid. This study illustrates the simplicity of using food
and organic wastes as nutrient sources in cultivation of
microorganisms [31].
Food waste as nutrient source in heterotrophic
microalgae cultivation
Heterotrophic microalgae can be grown at high biomass
concentrations in stirred bioreactor. However, cost-
intensive culture media consisting of carbon, nitrogen
and phosphorous sources are needed [32-35]. The costs
of nutrients can be lowered when organic wastes are
used as fermentation feedstock and this may also ac-
count for the use of food waste [17]. However, despite
the staggering amount of food waste produced world-
wide (Table 1), only few studies have been reported
which focus on the use of food waste as nutrient source
in heterotrophic microalgae cultivation.
Pleissner et al. first reported that the algae Chlorella
pyrenoidosa and Schizochytrium mangrovei grow on
pure food waste hydrolysate, which was obtained after
fungal hydrolysis of commercial food residues, without
supplements of trace metals and vitamins [15]. The
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phosphate and most likely long chain fatty acids. S. man-
grovei grew twice as fast on hydrolysate supplemented
with 15 g L-1 artificial sea salt as compared to cells
exposed to a defined medium. The growth rate of C.
pyrenoidosa in hydrolysate, however, was reduced by
50% as compared to growth on a defined medium [15].
Nevertheless, the fact that pure food waste hydrolysate
is sufficient to culture fresh water algal strains, and only
sea salt is needed as supplement for marine species
indicates that food waste may be a promising nutrient
source for many algal strains.
An economic evaluation of microalgae cultivation pro-
cesses based on food waste is currently on-going in our
laboratory, the broad range of chemicals and polymers
obtainable from microalgal biomass, however, may make
it economically feasible [36].
Microalgal biomass and food waste as feedstocks
The synthesis of chemicals mainly bases on petroleum
known to be depleted in the not-too-distant future.
Therefore, research activities are focused on substitution
of petroleum by sustainable feedstocks (e.g. biomass) for
the synthesis of chemicals [37].
Increasing interest in biomass as feedstock in chemical
production results in increased cultivation of energy-rich
non-editable plants over edible plants. Also, it triggered
an ethical debate which relates to whether the produc-
tion of chemicals and energy should have priority over
food and feed. An opportunity to overcome the occupa-
tion of arable land by non-edible plants is utilising food
and organic waste streams and microalgal biomass. In
fact, microalgae being cultivated in bioreactors or open
ponds do not compete for arable land.
Carbohydrates, proteins, lipids and fatty acids present in
microalgal biomass are of significant importance, as these
compounds can serve as raw materials in chemical produc-
tion [36]. Until now, there is little public acceptance of
products, particularly food and food supplements directly
obtained from food waste. Microalgae cultivation on food
waste, therefore, can be considered as a sanitation step to
change from “no value waste” to a “valuable raw material”,
which is even useable as food and feed. Additionally, the
composition of microalgal biomass is controllable by cer-
tain nutrient limitation towards high carbohydrate, lipid
and polyunsaturated fatty acid or protein contents and
leads to higher yields of the desired compound [35].
Table 2 gives a brief overview of chemicals producible
from microalgal biomass and food waste. Fatty acids are
chemically convertible into plasticiser and polyurethane
dispersion, and starch into polyols [38-41]. Starch and
proteins are hydrolysable and useable as feedstocks for
microbial production of organic acids and polyhydrox-
yalkanoates [18,28,29,42,43].Deshpande and Daniels [44] investigated the lipolytic
yeast Candida bombicola for production of sophoroli-
pids, a group of glycolipid bio-surfactants. After 68 hours
of fermentation time a sophorolipid concentration of
120 g L-1 was obtained on a complex medium contain-
ing animal fat and glucose as carbon sources at pH 3.4
and 27°C. This approach is particularly interesting as
other carbon sources e.g. sunflower, safflower and canola
oils, but also oils from food waste are utilisable as pre-
cursor in sophorolipid production [44,45].
Compounds directly obtainable from microalgal bio-
mass are ascorbic acid and pigments like xanthophylls
and phycobiliproteins [46-48].
In nature, pigments are required for capturing the en-
ergy of sunlight to power photosynthesis. Even though
heterotrophic microalgae are not depending on sunlight
as energy source, certain strains such as Chlorella pyre-
noidosa, Chlorella protothecoides and Galdieria sulphur-
aria synthesise pigments [47-49].
The green alga Chlorella pyrenoidosa can be grown
heterophically and has been investigated for the produc-
tion of xanthophylls (lutein, zeaxanthin, violaxanthin
and neoxanthin) used by food industry to color skins of
meat and egg yolk. In continuous cultures of C. pyrenoi-
dosa, 302 g L-1 of biomass and a total xanthophylls
concentration of 0.65 g L-1 were obtained [47]. Another
study describes the production of lutein by Chlorella
protothecoides in nitrogen sufficient and limited fed-
batch cultures, with glucose as main carbon source [48].
In both fed-batch cultures, around 50 g L-1 of biomass
and 0.2 g L-1 of lutein were produced.
Phycocyanin, a blue appearing phycobiliprotein with
applications as fluorescent probe, food additive and
antioxidant has been successfully produced using the
rhodophyte Galdieria sulphuraria under heterotrophic
conditions [49-53]. Graverhold and Eriksen reported the
production of 100 g L-1G. sulphuraria biomass from
which 3 g L-1 phycocyanin were extracted [49].
Even though heterotrophic algae open the pathway to
various pigments, large amounts of glucose were needed in
the processes mentioned above. In total, 520 g L-1 and
260 g L-1 of glucose were consumed by Chlorella pyrenoi-
dosa and Galdieria sulphuraria to produce 0.65 and 3 g L-1
of xanthophylls and phycocyanin, respectively [47,49]. Until
now, no study has been reported for the growth of G.
sulphuraria on food waste hydrolysate. Therefore, it re-
mains speculative if this may be an alternative to glucose.
However, C. pyrenoidosa grows on food waste hydrolysate
and this can be a cost-efficient substitute for glucose in xan-
thophylls production [15,47].
Biodiesel production
Biofuels became one of the most wanted bio-products as
the price of petroleum based fuels is continuously rising.
Table 2 Products obtainable from microalgal biomass and food waste components after chemical or microbial conversion
Feedstock Treatment Product Ref.
Polyunsaturated fatty acids Methanolysis, epoxidation, and acylation Plasticiser [38,39]
Methoxylation, or epoxidation/acrylation Polyurethane dispersions [39,40]
Starch Hydrolysis and hydrogenation Polyols [41]
Hydrolysis and microbial conversion Succinic and lactic acids, polyhydroxyalkanoates [18,28,29,43]
Sugars and fatty acids Microbial formation of sophorolipid Bio-surfactants [44]
Proteins Hydrolysis Fermentation feedstock [42]
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or fatty acid ethyl esters, FAEEs) production from oil-
seeds and microalgae attracted much attention in recent
years. It is known that microalgae grow faster and a
higher yield of oil per area can be obtained compared to
oilseeds. Additionally, microalgal lipids can form more
than 50% (w/w) of the microalgal biomass and depend-
ing on the algal species, lipids can be rich in (poly)unsat-
urated and saturated fatty acids [54,55].
Biodiesel produced from microalgal biomass has been
found to be competitive to conventional diesel fuels in
terms of quality [55]. However, it was found that the
FAME of the polyunsaturated fatty acid linolenic acid
leads to low thermal efficiency and high nitrogen oxides
emission [56]. Thus, a high content of saturated fatty
acids is preferred.
Polyunsaturated fatty acids (e.g. docosahexaenoic and
eicosapentaenoic acids) are well known for their health
benefits. Therefore, it is recommended to separate
saturated fatty acids from unsaturated ones prior to
biodiesel production in order to improve the biodiesel
quality and to obtain a by-product that can favour the
process economy.
Microalgal biomass, however, is not only rich in lipids,
but also in carbohydrates and proteins. Therefore, lipid-
extracted microalgae debris consists of mainly proteins
and carbohydrates, and it is a promising feed source or
feedstock [57,58].
Green chemical technologies contribute to the produc-
tion of affordable products from biomass under cost-
efficient and environmentally benign conditions. Particu-
larly, the production of biodiesel from microalgal biomass
is a good example for the importance of an appropriate
downstream processing based on the latest developments
in green chemistry. In order to produce biodiesel, lipids are
extracted and transesterified. The robust cell wall ofTable 3 Direct methods reported for extraction and transeste
Pretreatment/Extraction Transesterification
Sonication, at an amplitude of 70%
for 10 minutes
Enzymatic transesterification
at 50°C for 48 hours
Microwave assisted transesterification in presence of ethanol at ~260°C for 2
Supercritical methanol, at 250°C and 1200 psi for 25 minutes
*Yield bases on lipid content.microalgae, however, makes lipid extraction difficult and a
disruptive treatment of algal cells by microwaves or sonic-
ation prior to extraction was found to give higher yields of
lipids [59,60].
Conventional lipid extraction methods base on ethyl
acetate/methanol and chloroform, followed by acid or
base catalysed transesterification with methanol in order
to convert fatty acids into biodiesel [60-62]. However,
the use of organic solvents for extraction is not only
cost-intensive, but it raises concerns about the environ-
mental benignity of biodiesel production. To overcome
the use of organic solvents, supercritical carbon dioxide
has been investigated and found to be a promising sub-
stitute for methanol and chloroform in lipid extraction.
Additionally, the energy demanding drying of biomass
prior to lipid extraction can be skipped when supercrit-
ical carbon dioxide is used [63].
Another approach to minimize energy demand, process
steps and use of organic solvents is the direct or in situ
transesterification (Table 3), which is the direct treatment
of lipid containing biomass for production of biodiesel
(FAMEs or FAEEs) by combining extraction and transester-
ification methods [64]. For example, Patil et al. investigated
the direct transesterification of wet microalgae using super-
critical methanol and obtained highly purified extracts [65].
In this study, around 80% (w/w) of lipids from Nannochlor-
opsis were extracted and transesterified in 25 minutes at
250°C and 1200 psi. Water from microalgal biomass served
as a co-solvent, making the most energy demanding
step – drying of biomass unnecessary [65]. Contrarily,
a relatively low yield of biodiesel between 56 and 65%
(w/w) has been obtained when wet microalgal biomass
was treated under microwave assisted conditions with
supercritical ethanol [66].
Additionally to chemical methods, transesterification
can also be performed by enzymes (Table 3). Tran et al.rification of lipids from wet microalgal biomass
Yield* [%, w/w] Ref
in presence of methanol >90 [67
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a transesterification of more than 90% (w/w) of the microal-
gal oil from Chlorella vulgaris after 48 hours [67].
The methods listed in Table 3 may also be suitable for
a biodiesel production from food waste, but variable
lipid contents in food waste may make it economically
unfavourable [5,14,15]. However, remaining solids ob-
tained after hydrolysis of food waste by Aspergillus awa-
mori and Aspergillus oryzae were found to be rich in
lipids (~80%, w/w) and it is currently under investigation
as feedstock for production of biodiesel in our laboratory.
Conclusions
This review reported approaches for the valorisation of
food waste in biotechnological processes developed in
recent years. The recovery of carbon, nitrogen and phos-
phorous from food waste by chemical and biological
methods enables the recycling of valuable nutrients for
the production of chemicals, materials and energy.
Valorisation of food waste is not only an environmen-
tally benign waste treatment, but it also benefits to the
bio-based economy, as pure and expensive nutrient
sources can be substituted. The integration of food waste
treatment in existing biotechnological processes can
shorten the pathway from “no value waste” to “value-
added products”. Together with green chemical tech-
nologies, it contributes to a sustainable society.
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